The imidazole antifungal antimicrobial agents are a family of agents with action against fungi and some gram-positive bacteria. They are used topically to treat superficial fungal infection and systemically for treatment of deep mycoses. Data suggest that the imidazoles work by damaging cell membranes (3, 7) . In vitro, the action of the imidazoles is inhibited by unsaturated phospholipids and unsaturated free fatty acids, suggesting that these unsaturated lipids may be imidazole targets in membranes (5, 8) . Recently Yamaguchi and Iwata reported that phospholipid liposome model membranes are more sensitive to imidazoles when the esterified fatty acids are unsaturated (9) . This is not likely responsible for the specificity of the imidazoles, since phospholipids in biological membranes vary little in the degree of unsaturation of phospholipid fatty acids. In similar liposome systems, we have observed that free fatty acids incorporated into phospholipid liposomes dramatically increase their susceptibility to imidazole-induced damage. In the experiments presented herein, this phenomenon is examined in detail and discussed in relation to the sensitivity of various cells to the imidazole and the selectivity of the imidazoles.
We also report a modified method for enzymatic assay of glucose in liposome systems. In the method of Kinsky et al. (4) (1) . The lipids were subjected to silic acid column chromatography, and after elution of neutral lipids from the column with 2 bed volumes of chloroform and 3 bed volumes of acetone, the phospholipid fraction was eluted with methanol. Thin-layer chromatography on Silica Gel G with chloroform-methanol-water (65:25:4, vol/vol/vol) was done to check for the absence of neutral lipid. Egg lecithin was isolated from egg yolks and purified as described (6) .
Liposomes. Liposomes were prepared, with or without added free fatty acid, by methods previously described (2 Glucose assay. Glucose released from the liposomes was measured enzymatically by a modification of the method described by Kinsky et al. (4) . A 500-id amount of the enzyme assay mixture containing hexokinase, glucose-6-phosphate dehydrogenase, adenosine 5'-triphosphate, and nicotinamide adenine dinucleotide phosphate in amounts described previously (4) was added to the tubes. After 20 min, a solution containing mercuric acetate and iodoacetamide was added (25 pl) to give final concentrations of 5 x 10-5 M and 2.5 x 10'3 M, respectively. After 20 min, 20 pl of Triton X-100 solution (10% in water) was added. Absorbance of the clear solutions was then measured at 340 nm against a blank control which contained liposomes, 10 pl of dimethyl sulfoxide, an enzyme assay mixture which was incubated with the inhibitors before its addition, and finally, Triton. To determine the amount of glucose trapped in the liposomes, the following drug-free controls were also set up: a 0% control in which the order of additions was liposomes, dimethyl sulfoxide, enzyme assay mixture, inhibitors, and Triton; and a 100% control in which the order of additions was liposomes, dimethyl sulfoxide, triton, enzyme assay mixture, and inhibitors. 
RESULTS
Of the several inhibitors examined, mercuric acetate (5 x 10-M) or iodoacetamide (2.5 x lo-3 M) was found to be satisfactory in completely inhibiting the enzyme system for glucose assay. Addition of these inhibitors at the above concentrations, either before or after completion of the enzymatic reaction, had no effect on absorbance at 340 nm. Higher concentrations, when added to reaction mixtures after completion of the reaction, resulted in gradual decrease in absorbance. A combination of both the inhibitors was used in this work. The assay method reported involves addition of Triton before reading absorbance. This resulted in an unexpected benefit of clarifying the turbidity caused by high imidazole concentrations (100 ug/ml).
The effect of clotrimazole, miconazole, and sulconazole on liposomes prepared from egg lecithin is shown in Fig. 1 . Phospholipids extracted from C. albicans gave similar results. Clotrimazole caused increasing glucose release with increasing concentration. At 100 ,ug/ml, this imidazole causes 50 to 100% of glucose marker release with all phospholipid liposomes tested including egg lecithin (Fig. 1 ) and others tested but not shown. Sulconazole caused little release even at 100 ,ug/ml, whereas miconazole was intermediate in its effect. At low concentrations, in the range of the muiimal inhibitory concentrations of the imidazoles toward most fungi (<5 jig/ml), none of the imidazole gave substantial glucose release with any of the phospholipid liposomes tested. Incorporation of increasing amounts of oleic acid (C18:1) into egg lecithin liposomes up to 30 mol% resulted in increased susceptiblity to miconazole (Fig. 2) . Similar results were obtained with the other imidazoles. For all subsequent experiments, fatty acid was incorporated at 30 mol%. (C08:1) and linoleic acid (C18:2), were examined for their ability to sensitize egg lecithin to the iInidazoles. These data for clotrimazole are shown in Fig. 3 . Oleic acid and linoleic acid had the greatest potentiating effects; stearic acid had the least. Qualitatively similar results were obtained with the other imidazoles. Figure 4 shows the dose-response curve to the three imidazoles on egg lecithin liposomes containing 30 mol% of oleic acid. Figure 5 shows the same data for the phospholipids extracted from C. albicans. In both systems, the potentiating effect of the fatty acids is dramatic. Again it can be seen that at high imidazole concentration some release occurs from phospholipid lipo- fatty acid containing liposomes there is also a tendency for clotrimazole to be more potent than miconazole which in turn is more potent than sulconazole. It is not clear from these data whether the minimal release of marker from phospholipid liposomes (no fatty acid) caused by sulconazole vis-a-vis the others results merely from the lesser potency of sulconazole or whether, alternatively, sulconazole may have a greater specificity toward free fatty acid-containing membranes than the others have.
DISCUSSION
From the data presented, several conclusions are possible if one assumes that action of imidazoles on liposome model membranes and biological membranes are similar.
(i) Differences in phospholipid composition among membranes are not responsible for imidazole selectivity. Phospholipid liposomes prepared from phospholipids of a strain of C. albicans which is very susceptible to imidazoles are quite resistant to imidazole damage except at very high concentrations of clotrimazole. Yamaguchi and Iwata (9) found that lecithins varied in their imidazole sensitivity with the degree of unsaturation of their fatty acids; dioleoyl lecithin was more sensitive than egg lecithin, which in turn was more sensitive than dipalmitoyl lecithin. It is unlikely that this variable is responsible for imidazole selectivity, since most phospholipids in cell membranes have approximately equal amounts of saturated and unsaturated fatty acids.
(ii) The presence of free fatty acids in biological membranes is an important variable for on November 2, 2017 by guest http://aac.asm.org/ Downloaded from determining imidazole susceptibility. We first observed the effect of free fatty acids when examining Prototheca wickerhamii. Liposomes made from the total lipid of these organisms were extremely sensitive to imidazoles, whereas those made from purified phospholipids were resistant. When the neutral lipid components of Prototheca were added singly to the phospholipids in liposome preparation, efficacy in sensitizing to the imidazoles was found to reside solely in the free fatty acid fraction (I. J. Sud, D.-L. Chou, and D. S. Feingold, submitted for publication). The study reported herein (Fig. 2 to 5 ) clearly shows the dramatic change in imidazolesusceptibility of both C. albicans phospholipid and egg lecithin on incorporation of free fatty acids. The fatty acids examined differ in their effect on the liposomes, C18:1 and C082>>C8-0.
Thus it appears that unsaturation is central to this sensitization and not the charge imparted by the free fatty acids.
Lipids of fungi and many gram-positive cocci contain substantial quantities of free fatty acids. These organisms are usually imidazole susceptible. Mammalian cells and gram-negative bacteria have little or no free fatty acid (unpublished data). These organisms are usually imidazole resistant. Although the presence of unsaturated free fatty acids seems to be a determinant of imidazole susceptibility, other factors may also be important. Yamaguchi and Iwata (9) suggest that sterol composition may influence imidazole susceptibility, with cholesterol suppressing imidazole action and ergosterol exaggerating it. However, with egg lecithin they find that sterol addition has little or no effect on imidazole susceptibility of liposomes. Our data (unpublished), also, do not support a role for sterols in the action of imidazoles.
(iii) Imidazoles may differ in their membrane selectivity. All three of the imidazoles tested are ineffective at low concentrations against the phospholipid liposomes tested, and the damaging action of all three on liposomes is dramatically increased by the incorporation of unsaturated free fatty acids. At high imidazole concentrations there are differences among the imidazoles (Fig. 1) . Clotrimazole at 100 yIg/ml causes substantial leakage of glucose from phospholipid liposomes with all the phospholipids we have examined; sulconazole caused little or no release, and the miconazole effect was intermediate. The minimal inhibitory concentrations of the three imidazoles against fungi are comparable. These data suggest that when used systemically to treat fungal infections clotrimazole may be more toxic than miconazole or, especially, sulconazole.
